The surface potentials and effective dipole moments of α-helical amphiphilic diblock copolypeptides during monolayer compression at the air-water interface are reported. Amphiphilic diblock copolypeptides (PLGA-b-PMLGSLGs) of poly(α-L-glutamic acid) (PLGA) and poly(γ-methyl-L-glutamate-ran-γ-stearyl-Lglutamate) with 30 mol% of stearyl substituents (PMLGSLG) of various block lengths were studied during the double-brush formation process at the water surface. Upon monolayer spreading of PLGA-b-PMLGSLGs, surface potentials of hundreds of mV were recorded, attributed to the dipole moments of water molecules reorienting due to interactions with the monolayers. Upon compression, the effective dipole moments derived from the surface potentials of the PLGA-b-PMLGSLG monolayers decrease gradually, most likely as a result of the immersion of the hydrophilic block in water and cancellation of the interactions between the hydrophobic block and the underlying water molecules. The polypeptide macrodipole moment immersed in water was apparently effectively screened out. The remaining effective dipole moment of the monolayer contributes mainly to the hydrophobic block and, upon tilting away from the water surface towards the surface normal, it was found to increase with the hydrophobic block length, indicating the gradual formation of unidirectional aligned polypeptide molecules in the double brush monolayer.
Introduction
There has been a considerable interest in the fabrication of ultrathin films of unidirectionally oriented α-helical polypeptides because of their intriguing electrooptical properties arising from the large degree of polar order they exhibit. [1] [2] [3] [4] [5] [6] [7] [8] [9] Approaches to orient the α-helical chains of polypeptides at interfaces include application of an electric field 10 as well as the surface-grafting [11] [12] [13] [14] [15] [16] [17] and Langmuir-Blodgett techniques. [18] [19] [20] [21] [22] [23] [24] The large net dipole built up by the additive helix macrodipoles of vertically aligned parallel helices in surface-grafted polyglutamate films has been indirectly assessed by measuring the electromechanical properties of the films. 25 Miura et al. 26 and Kimura et al. 27 evaluated the dipole moment via the measurement of surface potentials in self-assembled monolayers (SAMs) of αhelical peptide molecules, unidirectionally oriented on solid substrates using the Kelvin probe method. They showed that the absolute value of surface potential (in vacuum) was larger for the longer helix peptide, and was influenced by the dipole of the functional group linkages between the peptide and the substrate. They also found that the surface potential of oriented α-helical peptide SAMs decreased with increasing temperature due to thermally induced structural perturbations.
However, until now demonstration of the effective dipoles and an understanding of the influence of the monolayer helix length vertically aligned at the air-water interface remains elusive. Although the helix dipole moment in vacuum is proportional to the number of peptide bonds in the helix, 1, 28 its magnitude can be drastically influenced by the surrounding environment. For a protein in solution, the effects of solvent screening, resulting from the counter-orienting dipole moments of the water molecules in response to the charge distribution of the peptides, give rise to effectively lower peptide dipoles. 29 It has been implied that the dipole interactions of the helix termini in membrane proteins, when close to the lipid-water interface, will be effectively screened by the solvent. 30, 31 Sengupta et al. 32 calculated the effective helix dipole moment of the α-helical polyalanine of different lengths by simulation models in various environments corresponding to various positions of the helix relative to the aqueous medium. Though in aqueous solution the dipole moment of a polyalanine helix increased linearly with helix length, it was significantly smaller than the value obtained in vacuum. However, in a heterogeneous environment as found in a lipid membrane, polyalanine helices with the helix axis parallel to the membrane normal showed the opposite behavior such that the effective dipole moment decreased linearly with peptide length. This was attributed to the increased reaction field in the surrounding water induced by the approach of the terminal charges.
The present work concerns the assessment of the effective dipole of vertically oriented polypeptide helices at the air-water interface as a function of the peptide length. We have prepared α-helical poly(α-L-glutamic acid)-b-poly(γ-methyl-Lglutamate-ran-γ-stearyl-L-glutamate) with 30 mol% of stearyl substituents (PLGAb-PMLGSLG) amphiphilic diblock copolymers of various block lengths. These diblock copolymers form a stable double-brush with the α-helices unidirectionally aligned at the interfaces in Langmuir monolayers and Langmuir-Blodgett films (Scheme 4.1). The double-brush structure has been evidenced by surface pressurearea isotherms, Brewster angle microscopy, transmission FT-IR and small-angle Xray reflectivity measurements (Chapter 3). Here, the effective molecular dipole moments in the monolayers of the PLGA-b-PMLGSLG diblock copolymers of different block lengths at the air-water interface are evaluated by the study of surface potential using the Kelvin probe method.
Experimental section

Materials
α-Helical PLGA-b-PMLGSLG was synthesized via a diblock copolymer precursor consisting of poly(γ-tert-butyl-L-glutamate) (PtBuLG) and PMLGSLG, with the tert-butyl group as a mild acid-labile, protecting group for the carboxylic acid. The molecular weights of the diblock copolymers were characterized by 1 H-NMR (CDCl 3 ) and gel permeation chromatography (tetrahydrofuran eluent, polystyrene standard, universal calibration). 33 The tert-butyl group was removed using trifluoroacetic acid (TFA). A detailed description of the synthesis and molecular weight characterization of the diblock copolymers can be found in Chapter 2. PLGA-b-PMLGSLGs are abbreviated as CoPo_m_n, where m and n denote the degrees of polymerization (DPs) of the PLGA and PMLGSLG blocks, respectively.
PLGA (DP = 60) was obtained by hydrolysis of PtBuLG using TFA. PMLGSLG (DP = 89) was prepared by random copolymerization of MLG-NCA and SLG-NCA (70:30 mole ratio) in chloroform at 0 o C using triethylamine as initiator. The synthesis of these polymers is described in Chapter 2.
Surface pressure-area (π-A) isotherms
π-A isotherms were measured using a home-modified computer-controlled Lauda Filmbalance (FW2), with an accuracy of 0.05 mN/m. The water used for the sub-phase was purified by reverse osmosis and subsequently through a Milli-Q filtration system. PLGA-b-PMLGSLGs were spread from NMP/chloroform (3/7, v/v) solutions with 1-3 % (v/v) of acetic acid added, at a concentration of 0.4-0.6 mg/mL. PLGA was spread from a NMP/chloroform (3/7, v/v) solution at a concentration of 0.5 mg/mL. PMLGSLG was spread from a chloroform solution at a concentration of 0.6 mg/mL.
Surface potential measurements
Surface potential measurements were performed during compression of monolayers based on the non-contact vibrating plate technique, using a commercial Kelvin Probe KSV5000SPOT1 (KSV instruments, Helsinki, Finland). All experiments were carried out on pure water at 20 o C at a compression speed of ca. 16 cm 2 min -1 . Details of the monolayer spreading and compression can be found in Chapter 3. During monolayer compression, simultaneously with surface pressure recording, the surface potential was measured using a vibrating plate (frequency 80-120 Hz) located at 5 mm above the water surface and a lower stainless steel electrode immersed in the sub-phase.
Results and discussion
Surface potential-area (ΔV-A) isotherms, plotted together with the corresponding surface pressure-area (π-A) isotherms and the derived effective molecular dipole moment-area (μ ⊥ −Α) curves, are given for PMLGSLG, PLGA and PLGA-b-PMLGSLGs in Figure 4 .1-3. Only ΔV starting from the onset of pressure build-up is presented. Prior to that, the potential was not uniform across the water surface due to the formation of aggregated monolayer islands inhomogeneously covering the water surface (Chapter 3). All the ΔV-A isotherms were measured on pure water. The surface potential can generally be expressed in terms of an effective molecular dipole moment (μ ⊥ ), the component of the molecular dipole moment of the monolayer perpendicular to the water surface, using the Helmholtz equation: 34
in which A is the molecular surface area, ε and ε 0 are the apparent relative permittivity of the monolayer and the permittivity of free space, respectively. μ ⊥ can also be interpreted as the sum of contributions of different effective dipole moment components (capacitor model), μ i , including the contribution of the underlying water sub-phase, 35 as
where ε is the apparent relative permittivity of the monolayer and ε i are the local relative permittivities.
Taking into account dipole-dipole interactions in the monolayer, ε strongly depends on the local fields of the polar groups and hence the orientation of the constituent dipoles in the monolayers as well as the density of the dipoles. 34 However, for a relative assessment and comparison of the effective dipoles in the monolayers studied, we simply derived μ ⊥ from the measured ΔV by assuming that the monolayer is composed of a uniform assembly of molecular dipoles contributing equally to the polarization of the monolayer. In this case, the monolayer is considered to be analogous to a parallel-plate capacitor and the relative permittivity of the air is assumed (ε = 1). 36 As shown in Figure 4 .1, the π-A isotherm of PMLGSLG shows a steep rise in pressure upon compression due to the packing of the α-helices lying flat on the water surface, followed by a liquid-condensed phase and subsequently a plateau transition indicating monolayer collapse. 37 The ΔV-A isotherm shows a curve form typical of homopolypeptides. 38, 39 Hence, the explanation of the ΔV-A isotherm behavior previously reported by for polypeptides with side chain ester groups and those with hydrocarbon side chains can be applied to PMLGSLG. Therein the interactions of both the peptide and side chain polar groups with the underlying water accounting for a positive contribution to the potential were evident. Especially, for polypeptides with ester groups in the side chains, the side chain length and conformation affect the side chain-water interactions and thereby the surface potential. 38 Because the helical rods are aligned parallel to the water surface, the peptide bond dipoles contribute inappreciably to μ ⊥ . μ ⊥ is mainly due to polarization of the water molecules interacting with the polymer polar groups, wherein the positive end of the water molecular dipole is pointed upwards. Besides, the local fields and orientations of the side chains may not be identical on the top and underneath the helices. Thus, the contribution to μ ⊥ of the side chains may also be taken into account. As a result, a very high positive value of μ ⊥ of 360 mV was recorded for PMLGSLG upon spreading. Upon monolayer compression, μ ⊥ decreases slightly. Most likely this arises from side chain distortion since they tend to orient away from the water surface during molecular packing. In the liquidcondensed phase region, μ ⊥ declines abruptly, indicative of a significant rotation of the side chain polar groups. In the plateau region corresponding to monolayer collapse, interpretation of ΔV into μ ⊥ using the Helmholtz relation is no longer appropriate. ΔV and μ ⊥ . The μ ⊥ for PLGA first increases slightly upon monolayer compression, but then decreases when PLGA is fully immersed in water. It has been reported that the μ ⊥ of polypeptides is largely suppressed in aqueous solution due to solvent screening effects. 32, 41 Before the transition in the π-A isotherm when the PLGA helices lie flat on the water surface, in contrast with the case of PMLGSLG, a very low μ ⊥ of PLGA was recorded. This is probably because upon spreading, the COOH group of PLGA may form hydrogen bonds with the underlying water molecules via both the C=O (C=O···H-O) and OH (OC-OH···O-H) groups. While the first gives rise to orientation of water molecules with a positive water molecular dipole moment vertical to the surface, the latter results in a water molecular dipole moment in an opposite direction contributing negatively to μ ⊥ . Consequently, the dipole moment of the water molecules arising from interaction with the polymer is negligible.
The PLGA-b-PMLGSLG diblock copolymers display completely different π-A and ΔV-A isotherms ( 37 in agreement with a unidirectional alignment and a tilt of the helices. The second transition at a high surface pressure above 40 mN/m, only observed for CoPo_59_82 and CoPo_53_63, may be tentatively attributed to a transition from an isotropic phase (where the α-helices are oriented isotropically around the water surface normal with an average tilt angle with respect to the water surface) to a liquid crystallinelike phase with a denser packing of the PMLGSLG segments (see Chapter 5) . As seen in Figure 4 .4, the monolayer upon compression to a pressure above this transition shows a large hysteresis while before the transition the hysteresis is insignificant.
For all of the PLGA-b-PMLGSLGs, ΔV rises steadily during compression until the monolayer collapses. Due to the insignificant μ ⊥ of the PLGA block, the initial positive value of μ ⊥ for the PLGA-b-PMLGSLG monolayers upon spreading mainly arises from interactions between the PMLGSLG block lying on the water surface with the underlying water, as discussed above for PMLGSLG. Upon monolayer compression, μ ⊥ first increases slightly, but decreases as soon as the PLGA block is immersed in water. Because the α-helices are tilted from the water surface upon compression, the peptide dipole component vertical to the water surface is expected to increase. The decrease in the monolayer μ ⊥ is probably caused by, in part, reorientations of the side chain polar components (ester and terminal methyl groups in the side chains) in a manner leading to a strong decrease in their vertical dipole moments. The changes in orientation and hence in the vertical dipole contribution during molecular packing of the polar components, such as the ester and terminal methyl groups in the side chains, are not readily distinguished. When the helices "stand up" at the interface, the hydrophobic helix layer composed of an array of unidirectionally oriented dipoles may give rise to a relative permittivity different from unity. This involves a number of factors including the dielectric anisotropy of constituent polar molecules as well as their orientational distribution, intermolecular interactions and interactions of the dipoles with the water surface. 42 Furthermore, the local relative permittivities (ε i ) of the polar components may increase as the monolayer becomes more condensed. 34, 36 More than likely, under tilting of the diblock copolymer molecules, the PMLGSLG hydrophobic block tends to leave the water surface. Consequently, the interactions between this block and the underlying water molecules, accounting for a considerably large initial μ ⊥ contribution, are cancelled out.
Because the peptide dipole moment of PLGA immersed in the water sub-phase is effectively screened, the contribution to μ ⊥ of the PLGA block is negligible. As demonstrated in Figure 4 .2, there are only small differences between the μ ⊥ -A isotherms of PLGA-b-PMLGSLGs of various PLGA block lengths (DP PLGA ). However, varying the PMLGSLG block length (DP PMLGSLG ) leads to considerable changes of the values of ΔV and μ ⊥ . Comparison of the isotherms for the monolayers of PLGA-b-PMLGSLGs with the different DP PMLGSLG is shown in Figure 4 .3.
Upon spreading, since the initial high surface potential is produced mainly by the interaction of the PMLGSLG block with the water surface, ΔV is strongly related to the surface area occupied by the PMLGSLG block. At the onset of surface pressure build-up, the α-helical molecules of the PLGA-b-PMLGSLG diblock copolymers are lying flat on the water surface as described in Scheme 4.2. Thus, both DP PMLGSLG and DP PLGA influence the initial value of ΔV. As seen in Figure 4 .5, ΔV at the onset pressure roughly increases linearly with DP PMLGSLG /A PLGA-b-PMLGSLG , where A PLGA-b-PMLGSLG is the molecular surface area of PLGA-b-PMLGSLG at the onset pressure. This clearly shows that the surface area fraction of the PMLGSLG block determines the initial value of surface potential upon monolayer spreading.
Assuming that the PMLGSLG hydrophobic block segments lie flat covering the entire water surface just before they start to tilt away from the surface as described in Scheme 4.3, the monolayer surface potential of PLGA-b-PMLGSLG should be about equal to that of PMLGSLG at the onset of surface pressure build-up, i.e. about 360 mV, irrespective of DP PMLGSLG . The point in the π-A isotherm where ΔV = 360 mV is indicated in Figure 4 .3 for the different PLGA-b-PMLGSLGs. For the diblock copolymers with a large DP PMLGSLG , the point where ΔV = 360 mV occurs immediately after the first transition corresponding to the water immersion of the PLGA block. However, when DP PMLGSLG < 40, the point where ΔV = 360 mV is shifted to a smaller surface area and higher surface pressure. Apparently for a small DP PMLGSLG , the PMLGSLG block segments are already tilted soon after the first transition. With the very small DP PMLGSLG of CoPo_50_11, the PMLGSLG block acts like an anchor, so that the situation where the PMLGSLG block lies flat covering the entire water surface cannot be achieved. At high surface pressures, corresponding to molecular surface areas ≤ 10 nm 2 (the maximum cross-sectional area of a PMLGSLG helix), the helices are tilted away from the water surface forming a double-brush structure (Scheme 4.4). Since the average helix tilt angle of the PMLGSLG block is determined by the surface chain density at the interface, at the same molecular surface area, the same average helix tilt angle of the PMLGSLG block is obtained for the PLGA-b-PMLGSLG diblock copolymers of various block lengths (Scheme 4.4). Figure 4 .6 compares the μ ⊥ values measured at molecular surface areas of 10 and 6 nm 2 as a function of DP PMLGSLG . It shows that at both molecular surface areas, μ ⊥ is highly dependent on the length of the PMLGSLG block. The decrease in μ ⊥ upon monolayer compression from 10 to 6 nm 2 /molecule may be attributed to the cancellation of the water dipole moments generated by the PMLGSLG block-water interaction as a result of the tilting of the block away from the water surface. At 6 nm 2 /molecule, the increase in μ ⊥ as a function of DP PMLGSLG arises from accumulation of the dipole moments of the PMLGSLG peptide units along the helix. For the DP PMLGSLG of 11 of CoPo_50_11, a part of the PMLGSLG block might be pulled into the water sub-phase to some extent because of its small length compared with the PLGA hydrophilic block. The dipole moments of the helix part in the sub-phase are screened by the water, resulting in a relatively low value of μ ⊥ for CoPo_50_11 at 6 nm 2 /molecule (Figure 4.6 ). The entire molecule of the PLGA-b-PMLGSLG diblock copolymers in the double-brush monolayers at the air-water interface can be regarded as an α-helix with part of the helix immersed in the water sub-phase and the other part in the air medium. The dipole moment of the helix part in water is strongly suppressed. Nevertheless, for the part of the helix remaining in the hydrophobic layer, the increasing correlation between μ ⊥ and the helix length indicates that the counteracting effects of the electrostatic reaction field generated by the water environment underneath is small. Though such a high-dielectric solvent as water may screen the charges distributed closely to the water surface, the effective dipoles of the polypeptide α-helices densely packed in air and tilted away from the water surface are significantly maintained.
In particular, the effect of reorientation of water molecules on monolayer spreading is significant, resulting in a large initial surface potential generated by the water. The cancellation of this initial surface potential due to the diminished interactions of the PMLGSLG hydrophobic block with the water surface upon tilting, along with the reorientation of the side chains towards the air and a change in local relative permittivities during molecular packing, can give rise to a decrease in the derived effective molecular dipole moment of the monolayer. As such, μ ⊥ undergoes a larger change for the diblock copolymers of a larger DP PMLGSLG as shown in Figure 4 
Conclusions
For the first time, the surface potentials and effective molecular dipole moments for monolayers of α-helical amphiphilic diblock copolypeptides at the air-water interface were evaluated. Upon monolayer spreading, a large positive surface potential of hundreds of mV was produced by the interaction of the hydrophobic block of the diblock copolypeptides with the water surface. This behavior is strongly related to the surface area fraction of the block. The molecular dipole contributions, dependent on the conformation and the orientation of the polar groups, are not readily distinguished and can change significantly during the compression of the monolayer. In addition, due to the tilting of the PMLGSLG block to the surface normal, the cancellation of the dipole moments of water molecules generated upon monolayer spreading and probably a change in local relative permittivities during monolayer compression led to a gradual decrease in the derived effective molecular dipole moment of the monolayer. While the peptide dipoles of the α-helical hydrophilic block immersed in the sub-phase were effectively screened by the water, the screening effects on the peptide dipoles of the α-helical hydrophobic block appeared to be negligible. As a result, at the same average helix tilt angle, the monolayer molecular dipole moment effectively increased with increasing hydrophobic block length.
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